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EXECUTIVE SUMMARY

The space that surrounds the Earth—geospace—
is neither empty nor quiescent. It is populated
by electrically charged particles, whose motions
are controlled by the Earth’s magnetic field and
driven by energy extracted from the solar wind,
the Sun’s supersonically expanding atmosphere.
Although their densities are vanishingly low, far
lower in fact than the density of the most per-
fect laboratory vacuum, these populations of
charged particles (or plasmas) form a medium
in which storm-like disturbances occur, distur-
bances that drive powerful electrical currents into
the Earth’s upper atmosphere and accelerate
charged particles to extremely high energies.

Such disturbances, which are triggered by storms
on the Sun, are known as geomagnetic storms
and represent an extreme form of what has come
to be known as “space weather.” Like the more
familiar weather on Earth, space weather can
be mild, moderate, or severe. And like severe
weather on Earth, the severe weather in space
can adversely affect human activities. Indeed,
as society becomes increasingly dependent on
space-based technologies, our vulnerability to
space weather becomes more obvious, and the
need to understand it and mitigate its effects
becomes more urgent. The Living With a Star
(LWS) Geospace Program, which is described
in this report, has been designed to make sig-
nificant advances in meeting this need.

Two geospace regions are of particular impor-
tance for our efforts to understand space weather
and therefore form the focus of the LWS
Geospace Program: the radiation belts and the
ionosphere. Both regions can be strongly dis-
turbed during magnetic storms. And distur-
bances in both regions can interfere with the
functioning of important military and commer-
cial communications and navigation technolo-
gies. Storm-time ionospheric disturbances can
cause range errors of tens of meters in the Glo-
bal Positioning System (GPS) navigation sys-
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tems currently in use by the Federal Aviation
Administration and can disrupt high-frequency
radio communications and military radar sys-
tems. Geomagnetic storms can “pump up” the
radiation belts, producing increased fluxes of
energetic electrons that can damage satellite
electronics and can also represent a potential
health hazard to astronauts on the International
Space Station.

We have learned much during the last half cen-
tury about these two key regions of geospace.
We know their average configurations, the gen-
eral character of their response to changing so-
lar wind inputs, and the basic physics of some
of the important processes that operate in them.
But we have not yet established the connections
between specific mechanisms and the phenom-
enology of the regions, nor have we achieved a
predictive understanding of their behavior. The
LWS Geospace Program has therefore been de-
veloped as a program of “targeted” basic re-
search aimed at advancing our understanding of
radiation belt dynamics and ionospheric variabil-
ity. Specifically, the Program’s objectives are
(a) to characterize and understand the accel-
eration, global distribution, and variability of
the radiation belt electrons and ions that pro-
duce the harsh environment for spacecraft and
humans; and (b) to characterize and under-
stand mid-latitude ionospheric variability and
the irregularities that affect communications,
navigation, and radar systems. An integral ele-
ment of the Geospace Program is the develop-
ment of models that will incorporate the
improved physical understanding of these two
regions that will lead to improved real-time
specification of the space environment
(nowcasting) and prediction of potentially haz-
ardous space weather conditions (forecasting).

The Geospace Program flight elements consist
of two investigations, a Radiation Belt Baseline
Investigation and an Ionosphere-Thermosphere
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(I-T) Baseline Investigation, which are designed
to yield a robust understanding of radiation belt
dynamics and mid-latitude ionospheric variabil-
ity. The Radiation Belt Baseline Investigation
comprises two spacecraft—*‘storm probes”—in
a near-equatorial elliptical orbit (apogee of 5.5
R)) and an energetic neutral atom imager in a
high-latitude orbit. The Radiation Belt Storm
Probes will make in situ measurements of rela-
tivistic electrons, electric and magnetic fields,
wave fields, ring current particles, and radiation
belt ions; the imager will provide information
on the global distribution and dynamics of the
ring current ion population. The I-T Baseline
Investigation consists of two identical storm
probes in circular, 60°-inclination low-Earth or-
bits with ascending nodes separated by 10° to
20° in longitude and a mid-latitude imager on a
non-LWS spacecraft in geosynchronous orbit.
The I-T Storm Probes will make in situ mea-
surements of plasma density, drifts, irregulari-
ties, neutral density and winds, as well as
currents, wave fields, and precipitating particles.
The I-T mid-latitude imager will measure the
O/N, ratio and N ?, providing a global context
for the in situ measurements. Critically impor-
tant for the Geospace Program’s objective of un-
derstanding ionospheric variability is the ability
to characterize the response of the I-T system to
variations in solar extreme-ultraviolet (EUV) ir-
radiance and to distinguish this response from
variations in the state of the I-T system caused
by the input of energy from the magnetosphere
during geomagnetic storms. It is expected that
this essential capability will be provided by an
EUV spectral flux monitor on the LWS Solar
Dynamics Observatory (SDO), which is to be
launched in 2007.

The Ionosphere-Thermosphere Baseline Inves-
tigation and the Radiation Belt Baseline Inves-
tigation are scheduled to begin in 2008 and 2009,
respectively. With nominal lifetimes of 3 and 2
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years, respectively, the two investigations will
take place concurrently for a portion of their op-
erational lifetimes, which will permit important
correlative studies of the coupling between the
inner magnetosphere and the ionosphere-ther-
mosphere system. In addition, this schedule pro-
vides the necessary overlap between the I-T
Investigation and the SDO mission.

In addition to the Baseline Investigations, the
Geospace Mission Definition Team identified
three further investigation categories: Augmen-
tations, Core Investigations, and Network-level
Investigations. Augmentations are additions to
the Baseline in situ measurement capabilities of
the Radiation Belt and I-T Storm Probes that
would significantly enhance their science return.
The Core Investigations are a subset of the
Baseline Investigations and are designed to
achieve significant progress toward the
Geospace Program objectives while remaining
consistent with prescribed budget guidelines.
They are the Baseline Investigations without the
energetic neutral atom imaging capability and
with simplification of the four in situ payloads.
The Network-level Investigations would permit
an expanded Geospace Program that would
study the geospace environment as a complex,
coupled system. Included in this category of in-
vestigations are high-latitude auroral imaging,
an inner belt and slot investigation, measurement
of radiation belt source populations at geosta-
tionary orbit, and increased local time and solar
cycle coverage by the Storm Probes.

The LWS Geospace Program will lead to major
advances in our understanding of—and ability
to predict—space weather. But with increasing
knowledge and understanding, new questions
will doubtless emerge—questions to be ad-
dressed in the coming decades as homo
technologicus continues to cope with the chal-
lenge of living with a star.
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CHAPTER 1.
INTRODUCTION

1.1. Living with a Star: The Domain of
Geospace

Life on Earth depends on energy released in ther-
monuclear reactions in the core of a middle-
aged, G-class main-sequence star—the
Sun—and transferred to the Earth by electro-
magnetic radiation. Solar radiation at visible and
near-infrared wavelengths is processed and re-
distributed through complex interactions with
the Earth’s atmosphere, land masses, and oceans
to maintain a relatively comfortable global av-
erage temperature of 15°C. Visible light from
the Sun provides the energy used by green plants
to convert carbon dioxide and water into carbo-
hydrates and oxygen. The absorption of solar
ultraviolet radiation by molecular oxygen in the
stratosphere initiates the chemistry that leads to
the formation of the ozone layer, itself an ab-
sorber of ultraviolet radiation and a critical part
of the atmosphere’s protective shield against the
energetic short-wavelength radiation that could
harm Earth’s biosphere.

Energy is transferred from the Sun to the Earth
by other means as well—by the supersonic out-
flow of magnetized, ionized gas from the Sun
known as the solar wind and by energetic solar
particles accelerated at shock waves driven by
coronal mass ejections (CMEs) (Figure 1). Like
the other planets, Earth is immersed in the solar
wind flow, within which the geomagnetic field
forms a cavity known as the magnetosphere. The
magnetosphere contains highly tenuous plasmas
that are organized in distinct particle populations
with different energies and densities. The dynami-
cal behavior of these particles—their flows and
motions within the magnetosphere—is driven
largely by energy extracted from the solar wind
through the interaction of the geomagnetic field
with the interplanetary magnetic field (IMF), the
portion of the Sun’s magnetic field that is en-
trained in the solar wind flow. The interface be-
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tween the magnetosphere and the solar wind de-
fines the outer boundary of the geospace domain.
The inner boundary is the ionosphere, which is
formed by the ionization and heating of the neu-
tral gases of the upper atmosphere by solar ex-
treme ultraviolet (EUV) radiation.

Storms on the Sun produce storms in the mag-
netosphere. Severe geomagnetic storms occur
episodically and are triggered by the passage of
major solar wind disturbances driven by CMEs.
Such strong storms are most common around
solar maximum, when CMEs are most frequent;
however, CMEs and severe magnetic storms can
occur at almost any phase of the solar cycle.
During the declining phase of the solar cycle,
many magnetic storms recur at the solar rota-
tion period of 27 days. These recurrent storms
tend to be weaker than the strongest episodic
storms and are triggered by the passage of co-
rotating interaction regions on the leading edges
of high-speed streams from coronal holes.

Among the effects of geomagnetic storms are
changes in the energetic populations of trapped
particles that form the radiation belts. Such
changes may involve either enhancements or
decreases in the fluxes of energetic particles,
particularly in the outer electron belt. In addi-
tion, temporary new belts can be created during
storms, sometimes within minutes of the storm’s
onset. Solar energetic protons, accelerated at
CME-driven shocks, can provide the “seed”
population for new proton belts. Although it was
once thought that the behavior of the radiation
belts was well-understood, observations over the
last decade or so have given rise to new and fun-
damental questions about the physical processes
involved in the enhancement and decay of the
belts and in the formation of new ones.

The majority of our satellites operate in regions
where they can be exposed to intense fluxes
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of extremely energetic radiation belt particles
(Figure 2). In addition, the orbit of the Interna-
tional Space Station brings it into a latitude range
where the exposure of astronauts to relativistic
radiation belt electrons is a serious concern.
Characterizing the dynamical behavior of the
radiation belts and understanding the underly-

1999/08/25 23:42
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ing physics are thus not merely matters of “dis-
interested” basic research. Rather, understand-
ing the radiation belt environment and its
variability has extremely important practical
applications in the areas of spacecraft opera-
tions, spacecraft and spacecraft system design,
and mission planning and astronaut safety.

1999/08/26 01:42

»

-

O

1999/08/26 03:18 1999/08/26 04:42

02-0600R-1

Figure 1. Series of images from the LASCO telescope on the Solar and Heliospheric Observatory (SOHO)
showing the development of a coronal mass ejection (CME). CMEs are powerful eruptions of plasma and
magnetic fields from the Sun that can propel 10 g of coronal plasma into interplanetary space at speeds of
over 1000 km s~'. CMEs occur most often around the peak of the 11-year solar activity cycle. As they pass
through the interplanetary medium, fast CMEs drive shock waves at which the acceleration of charged
particles to extremely high energies occurs. Fast CMEs and the CME-driven shocks that encounter the
terrestrial magnetosphere cause disturbances in the Earth’s space environment known as geomagnetic
storms. The shock-accelerated particles are responsible for solar energetic particle events, which can occur
in association with magnetic storms and can provide a seed population for the formation of new proton belts
in the inner magnetosphere. SOHO is a joint project of the European Space Agency and NASA. (Figure
courtesy LASCO team.)
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02-0600R-2

Figure 2. Model-generated image showing the two main radiation belts, the outer electron belt and the inner
proton belt. The model, developed at the Air Force Research Laboratory, uses data acquired by the CRRES
satellite during the period 1990-1991 to generate the radiation belt particle distributions. Shown here are
calculated 1.6 MeV electron fluxes and 9.7 MeV proton fluxes. Also shown are representative orbits for three
GPS and one geosynchronous spacecraft. (Figure courtesy R. V. Hilmer, Air Force Research Laboratory)

The magnetosphere is strongly coupled to the
Earth’s upper atmosphere by electric fields and
currents that transfer energy into the ionosphere
and thermosphere, energy that has been extracted
from the solar wind and processed and redis-
tributed by the magnetosphere. This coupling
profoundly influences the structure, dynamics,
and chemistry of the ionosphere-thermosphere
system, the “ground state” of which is deter-
mined by the flux of solar EUV radiation, the
dominant global energy source for the iono-
sphere and thermosphere. The state of the iono-
sphere-thermosphere system thus varies in
response to changes both in EUV irradiance and
in the energy received from the magnetosphere,
with the latter causing the more extreme vari-
ability in the state of the system.

Geospace Mission Definition

The most familiar and often highly dramatic
manifestation of magnetospheric energy input
into the upper atmosphere is the aurora, which
is most often seen at high latitudes but which,
during extremely intense magnetic storms, can
be observed in the northern hemisphere as far
south as Texas. While auroras have been ob-
served and recorded for centuries, other effects
of solar disturbances and magnetic storms on
the upper atmosphere remained virtually un-
known until the era of telecommunications be-
gan and the link between disruptions in
communications (telegraph, telephone, and fi-
nally radio) and geomagnetic activity gradually
became clear. These effects include both large-
scale changes in ionospheric density during so-
lar maximum and during geomagnetic storms
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(density increases during the growth and main
phases of a storm; density depletions during the
recovery phase) and smaller-scale irregularities.
Such variations in the state of the ionosphere
interfere both with radio transmissions that are
reflected off the ionosphere, such as high-fre-
quency (HF) communications and over-the-ho-
rizon radar, and with the trans-ionospheric
propagation of radio signals, such as those used
by the Global Positioning System (GPS). GPS
has become a critically important navigational
asset for both the military and the transporta-
tion industry, and its vulnerability to ionospheric
disturbances is a matter of serious concern.

Ironically, GPS-based systems are, and will con-
tinue to be, most heavily used in the middle lati-
tudes—in precisely the latitude range where our
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knowledge of ionospheric variability is the most
deficient (Figure 3). Thus understanding the
behavior of the mid-latitude ionosphere, par-
ticularly during geomagnetic storms when vari-
ability is most extreme, is a research goal of
considerable practical importance for a soci-
ety that depends increasingly on systems such
as GPS for both military and commercial ac-
tivities.

The radiation belts and the ionosphere-thermo-
sphere system are thus environments (a) that
profoundly affect the operation of critical tech-
nological systems, (b) in which extremes of
space weather occur, and (c) whose behavior is
not well characterized or understood. NASA’s
Living with a Star (LWS) Program has there-
fore selected these two geospace regions as the

02-0600R-3

Figure 3. 630-nm airglow images taken with a fish eye camera, then mapped over the Caribbean. The
camera was located at the NAIC Arecibo Observatory, Puerto Rico and the times refer to local time on
February 17, 1998. The light areas represent regions of increased electron density equivalent to noon-time
values; the dark areas are regions of severe electron density depletions. The eight panels show structures
moving from southeast to northwest in a generally poleward direction. These events are seen in combination
with magnetic storms and occur promptly with the geomagnetic activity, suggesting a link with the inner
magnetosphere. The large electron densities, total electron content, and the large gradients associated with
the depletions are a concern for GPS systems that employ differential corrections such as the Wide Area
Augmentation System (WAAS). (Figure courtesy of J. Makela, Cornell University)
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focus of two investigations, the Radiation Belt
Investigation and the lonosphere-Thermosphere
Investigation. Both investigations are planned to
coincide with the next solar maximum (2010),
when the Earth’s space environment will be most
disturbed. The chapters that follow describe the
scientific background to both investigations, the
specific questions that each will address, the role
of modeling in the LWS Geospace Program, the
measurements needed and the investigation ap-
proaches to be employed, and the coordination
of the Geospace Investigations with other re-
search initiatives. The remainder of this intro-
duction is devoted to a discussion of the place
of the Geospace Investigations within the
broader context of the Living with a Star Pro-
gram and of the process followed by the
Geospace Mission Definition Team in develop-
ing the Geospace Program.

1.2. Origins of the LWS Geospace
Program

For decades the Geospace science community
has promoted the importance of solar influences
on magnetosphere and ionosphere plasma dy-
namics and the consequences of those influences
on Earth- and space-based technological sys-
tems. In 2000, the United States Congress lis-
tened and awarded NASA’s Space Science
Enterprise with a new initiative, Living with a
Star, whose goal is “to better study solar vari-
ability and understand its effects on humanity.”
Congress further stated that “[t]his initiative will
fundamentally change the emphasis of the Sun-
Earth Connections theme by having dual objec-
tives, one studying solar-terrestrial physics to
understand basic natural processes (current pro-
gram) and the other stressing investigations into
how solar variability affects humans and tech-
nology.”

The Sun-Earth Connections (SEC) theme ea-
gerly stepped up to this challenge and began an
accelerated activity to define a Living With a
Star Program. This report is the culmination of

Geospace Mission Definition

that effort within the Geospace component of
LWS and defines a compelling program that will
provide understanding of those geospace phe-
nomena that most affect life and society.

The program goal and objectives were initially
articulated by the Sun-Earth Connection Advi-
sory Subcommittee (SECAS); these are given
in Table 1. The Program goal clearly empha-
sizes the uniqueness of the Program: that so-
cietal consequences are a requirement for
assessing the relevance of Sun-Earth con-
nected phenomena to the Program. SECAS,
through NASA headquarters, then established a
LWS Science Architecture Team (SAT) to ex-
amine the program requirements and architec-
ture from an overall systems point of view. The
SAT adopted the view that the role of observa-
tions was to provide the understanding of physi-
cal processes so that theory and models could
be developed to enable fundamental improve-
ments 1in environment specifications,
nowcasting, and predictions. The SAT then iden-
tified sets of scientific problem areas associated
with specific societal impacts with a view of
defining the evolution of scientific knowledge
and modeling that would be required for mean-
ingful LWS contributions.

During the summer of 2001, SECAS and the
LWS SAT called for the formation of a Geospace
Mission Definition Team (GMDT) charged with
identifying the science issues that would most
lead to progress in meeting the LWS goals per-
taining to geospace. These issues, derived from
the LWS objectives and the problem areas de-
veloped by the SAT, were to be identified
through a convolution of the best possible sci-
ence having societal needs with the potential for
significant progress. The Team was composed
of scientists representing both the research and
space operations user communities.

The guidance for the GMDT provided by the
LWS SAT was necessarily at a system level ap-
propriate for the overall LWS Program, not

7
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Table 1. LWS goals and objectives as articulated by SECAS.

LWS Goal

and society

Develop the scientific understanding necessary to enable the United States to
address those aspects of the connected Sun-Earth system that directly affect life

LWS Objectives

societal consequences (impacts).

beyond Earth.

¢ Identify and understand variable sources of mass and energy coming from our Star
that cause changes in our environment with societal consequences, including the
habitability of Earth, use of technology, and the exploration of space.

o |dentify and understand the reactions of geospace regions whose variability has

¢ Quantitatively connect and model variations in the energy sources and reactions to
enable an ultimate U.S. forecasting capability on multiple time scales.

e Extend our knowledge and understanding gained in this program to explore
extreme solar-terrestrial environments and implications for life and habitability

geospace in particular. It was left to the GMDT
to develop a process for deriving geospace
unique science objectives, their priorities, and
the strategy for developing a geospace imple-
mentation plan.

The approach adopted by the GMDT was dif-
ferent from that usually employed in OSS disci-
pline proposals and mission definition
documents, which starts with “curiosity driven”
science goals and objectives. Instead, the ap-
proach was designed to keep intact a traceabil-
ity from the societal impacts through the science
objectives, approach, techniques, missions, mea-
surements and theory to the required specifica-
tion, nowcasting, and forecasting goals of LWS.

1.3. Development and Prioritization of
Geospace General Objectives

The GMDT derived seven geospace general sci-
ence objectives by interpreting the problem ar-
eas listed in Tables 4 and 5 of the SAT report as
applied to Geospace. The objectives are shown
in the right column of Table 2. Since the SAT
tables emphasize the portion of the geospace
system most closely tied to societal impacts, the
geospace objectives identify those science ar-

eas necessary to effectively understand those
aspects of the Sun-Earth connected system that
most affect society. The objectives include em-
phasis on energetic particle populations because
of their impact on our technology-based soci-
ety. There are fundamental and unresolved sci-
entific questions about the transport, acceleration
and loss of these particles. There is also empha-
sis on how the Sun’s variable radiation changes
the composition, ionization state, chemistry, and
dynamics of the ionosphere and thermosphere.
Superimposed on this is concern over the more
extreme variability from magnetospheric energy
sources. This variability affects societal systems
employing trans-ionospheric signal propagation,
HF radio propagation, and systems sensitive to
drag on spacecraft and debris that orbit the Earth.

Also shown in Table 2 are the six most impor-
tant Space Weather Effects identified by the SAT.
Because the general objectives were derived
from the problem areas grouped under societal
impacts in the SAT report, the Space Weather
Effects closely map to the general objectives, as
shown by the lettered tabs attached to the objec-
tives. Note that multiple space weather effects
on the left map to multiple general science ob-
jectives on the right.

Living With a Star
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Table 2. Geospace science general objectives derived by the GMDT from the space weather
effects and the societal impacts of solar terrestrial physics identified by the LWS Science Architec-

ture Team (SAT).

LWS/Space Weather Effect

LWS/Geospace General Objective:

The capability to monitor and A

predict energetic electron and ion

environmental parameter impacting| B

;2 g exposure is needed for diagnosis of C || Priority 1: Understand the acceleration, global distribution,
3_9 % satellite anomalies and A and vaglabﬂty of energetic electrons and ions in the inner
g > consideration during spacecraft ?A?rgrr;;?o?ts-?/vglr?s. and 6. WG2-4
@ design. ’ !
(LWS program goal ranking 4)
‘ol distributi B
dzr;]iiisa;gE;Lg'?;::g:gﬁgrgﬁfltitfgy Priority 2A: Determine the effects of long- and short-term
E | variability of the Sun on the global-scale behavior of the

NavComRad systems.
(LWS program goal ranking 3)

Nav/Com/
Rad
Systems

ionospheric electron density.
SAT report: WG1-1, WG2-1

= The capability to monitor and
o0 predict energetic electron and ion B . .
E exposure is needed to ensure the Priority ZB_: Determ!ne the_sol_ar and geospace causes of
= safety of astronauts in Earth orbit C smaII-lf,caIeI |_onospher|c density irregularities in the 100 to
g and of flight crews of high-altitude ég??e ﬂ-av\fgfgevrv%g?j
3 aircraft. el !
T (LWS program goal ranking 2)
_g o Neutral density is the key S Priority 3A: Determine the effects of solar and geospace
30 enviror_1rr_1enta| parameter D variability on the atmosphere enabling an improved
=0 determining satellite drag. specification of the neutral density in the thermosphere.
(7] (LWS program goal ranking 5) SAT report: WG1-3, WG2-3
B
T g Enhanced ionospheric currents D || Priority 3B: Understand how solar variability and the
3 @ | during geomagnetic storms induce E —E | 9eospace response determine the distribution of electric
° '(i currents in ground-level conductors. currents that connect the magnetosphere to the ionosphere.
Oa (LWS program goal ranking 6) SAT report: WG1-4, WG2-5
o IB\ Priority 4: Determine the quantitative relationship between
- o very energetic electron and ion fluxes in the interplanetary
EQ The effect of solar variability on C || medium and their fluxes at low altitude, particularly the
=4 ozone distribution and on near- F | geomagnetic cutoffs.
2 ] surface temperature change must F SAT report: WG1-9, WG2-6
Ic 6 be characterized. F
o (LWS program goal ranking 1) |_ Priority 5: Quantify the geospace drivers that potentially
(U] affect ozone and climate.

SAT report: WG2-8

The GMDT carefully evaluated the priorities of
the space weather effects and the general objec-
tives from two perspectives, an assessment of
the impact and importance of each on life and
society, and also a judgment as to the likelihood
that significant progress on understanding each
effect could be made with LWS sponsored ob-
servation platforms, given the scope and time
frame for the planned activities (years 2002-
2012). The importance of each societal effect is
shown as a LWS Program goal ranking, in pa-
renthesis below each Space Weather effect. The
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top to bottom positioning indicates the degree
to which the LWS/Geospace Program can con-
tribute to our understanding of the various space
weather effects. The convolution of importance
to society and the promise of advancing scien-
tific understanding yielded the prioritization of
the general science objectives shown to the right
in the table. Note that there are two objectives
with equal priority 2 and two with equal prior-
ity 3. While Global Climate Change is consid-
ered most important to life and society,
observationally, the most immediate scientific
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progress can be made in the areas of Satellite
Systems and Navigation/Communications. It
was the judgment of the Team that near term
progress on understanding Global Climate
Change can best be made through investments
in modeling and data mining.

The conclusion from this exercise is that the
optimal Geospace Program should focus on the
radiation belts and the variability of the global
ionospheric electron density and its irregulari-
ties (General Objectives 1, 2A and 2B). Since
understanding the ionosphere requires under-
standing the thermosphere, priority objective 3A
will be simultaneously addressed. Lower prior-
ity objectives would be addressed where data
from the LWS/Geospace observations are ap-
plicable, through the acquisition of data from
other programs, and by theory and modeling.
The completion of these highest priority objec-
tives will yield the best possible science having
societal impacts within the LW S/Geospace bud-
getary realities.

1.4. Priority Science Focus and
Investigations

The GMDT recognized that the general objec-
tives were very broad, so a set of specific objec-
tives were developed for the higher-priority
objectives (Table 3). Here we summarize the
specific science objectives receiving the high-
est priorities and on which the Team focused.

The Team recognized the importance of the ra-
diation belts for satellite health and satellite de-
sign as well as recognized that our understanding
of the variability in radiation belt fluxes, espe-
cially during storm times and even over a solar
cycle, is poor (General Objective 1). This con-
clusion led to three specific science questions:

*  Which physical processes produce radiation
belt enhancements? (Specific Objectives 1.1,
1.2b, 1.3a, 1.3b)

10
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¢ What are the dominant mechanisms for rela-
tivistic electron loss? (Specific Objectives
1.2a, 1.2b, 1.3b)

* How does the ring current affect radiation
belt dynamics? (Specific Objective 1.3c,
1.4a)

In concert with the approach of the SAT the
Team also placed high priority on the develop-
ment and validation of physics based assimila-
tion and specification models (Specific
Objectives 1.2c, 1.4b)

The Team recognized the significance of iono-
spheric variability on navigation, communica-
tions, and radar as well as recognized that
ionospheric behavior during geomagnetic storms
is not understood or even sufficiently character-
ized for LWS needs, especially at mid-latitudes
(General Objectives 2A and 2B). This conclu-
sion led to four scientific questions:

e What is the contribution of solar EUV to
ionospheric variability? (Specific Objective
2A.1a)

* How does the middle- and low-latitude I-T
system respond to geomagnetic storms (posi-
tive storm phases)? (Specific Objective
2A.1b)

* How do negative ionospheric storms de-
velop, evolve, and recover? (Specific Objec-
tives 2A.1b, 2A.2)

* How are ionospheric irregularities produced,
especially at mid-latitudes? (Specific Objec-
tive 2B.1)

The general objective focusing on thermospheric
density variability, satellite drag, and orbital pre-
diction fell into the third priority (General Ob-
jective 3A). Nonetheless the Team noted that
some of the specific objectives for this general
objective overlapped with the investigations of
ionospheric variability and will be studied si-
multaneously. These specific objectives are:

Living With a Star
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Table 3. Specific objectives for the highest-priority geospace investigations derived from the gen-
eral objectives. Groups of specific objectives are prioritized within each general objective.

LWS/Geospace General Objective: Specific Objectives:

Priority 1:
1.1: Differentiate among competing processes affecting the acceleration and
transport of outer radiation belt electrons.

Priority 2:
1.2a: Differentiate among competing processes affecting precipitation and loss
of outer radiation belt electrons.

1.2b: Understand the creation and decay of new electron radiation belts.

1.2c: Develop and validate physics-based data assimilation and specification
models of outer radiation belt electrons.

Priority 1: Understand the acceleration,
global distribution, and variability of
energetic electrons and ions in the inner
magnetosphere.

SAT report: WG1-5 and 6, WG2-4

Priority 3:
1.3a: Understand the role of "seed" or source populations for relativistic
electron events.

1.3b: Quantify the relative contribution of adiabatic and nonadiabatic processes
on energetic electrons.

1.3c: Understand the effects of the ring current and other storm phenomena on
radiation belt electrons and ions.

Priority 4:
1.4a: Understand how and why the ring current and associated phenomena
vary during storms.

1.4b: Develop and validate physics-based and specification models of inner belt
protons for solar cycle time scales.

Priority 1:
2A.1a: Quantify the relationship between the magnitude and variability of the
solar spectral irradiance and the global electron density.

Priority 2A: Determine the effects of 2A.1b: Quantify the effects of geomagnetic storms on the electron density.
long- and short-term variability of the
Sun on the global-scale behavior of the

ionospheric electron density. Priority 2: . .
SAT report: WG1-1, WG2-1 2A.2: Quantify how the interaction between the neutral atmosphere and the

ionosphere affects the distribution of ionospheric plasma.

Priority 3:
2A.3: Discover the origin and nature of propagating disturbances in the
ionosphere.

Priority 1:
2B.1: Characterize and understand the origin and evolution of newly-discovered
storm-time mid-latitude ionospheric irregularities.

Priority 2B: Determine the solar and Priority 2:
geospace causes of small-scale 2B.2a: Understand the conditions leading to the formation of equatorial spread-
ionospheric density irregularities in the F irreaularities. and their location. maanitude and spatial and temboral evolution.
100 to 100_0 km altitude range. 2B.2b: Understand the conditions leading to the formation of polar patches and
SAT report: WG1-2, WG2-2 their high-latitude irregularities.

Priority 3:

2B.3: Enable prediction of the onset, location, and development of E-region
irregularities.

Priority 1:
3A.1a: Determine the variability in the neutral atmosphere attributable to the
solar EUV spectral irradiance.

3A.1b: Determine the variability in the neutral atmosphere attributable to

Priority 3A: Determine the effects of magnetospheric inputs.

solar and geospace variability on the

atmosphere enabling an improved Priority 2:
specification of the neutral density in the 3A.2; Determine the variability in the neutral atmosphere attributable to
thermosphere. internal processes.

SAT report: WG1-3, WG2-3

Priority 3:
3A.3: Determine the variability in the neutral atmosphere attributable to
atmospheric waves from below.

Geospace Mission Definition 11



*  What is the variability of the thermosphere
attributable to solar EUV spectral irradiance?
(Specific Objective 3A.1a)

* What is the variability of the thermosphere
attributable to magnetospheric coupling?
(Specific Objective 3A.1b)

Because of the global nature of these objectives
the Team recognized the need for further devel-
opment of dynamic modeling of the coupled
ionosphere, thermosphere, and magnetosphere
system.

1.5. Development of the Program Plan

The GMDT found that the construction of a
traceability matrix to be a useful tool in perform-
ing its task of developing a program plan and
tracking the logic of the plan from the general
science objectives through the specific objec-
tives, the approaches required to fulfill the ob-
jectives, the techniques of obtaining necessary
measurements both from Geospace Investiga-
tions and other programs, and finally the types
of measurements themselves. The matrix also
demonstrates the closure through modeling.
Appendix 1 shows the traceability matrix for
the higher-priority science objectives.

Based on an analysis of the matrix, the GMDT
defined a Geospace Program with four catego-
ries of investigations (see Chapter [V). Baseline
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science investigations are designed to lead to a
robust understanding of the priority phenomena
and processes. Possible Augmentations to the
Baseline investigations consist of enhancements
of the in situ measurement capabilities of the
radiation belt and I-T spacecraft that will sig-
nificantly enhance the science return of the two
investigations. The Core investigations, a sub-
set of the Baseline investigations, are those in-
vestigations that are consistent with a prescribed
resource envelope and that allow significant
progress to be made toward accomplishing the
priority science objectives. Finally, Network-
level investigations are those that enable ex-
panded understanding of the geospace
environment as a coupled system.

The LWS Geospace Program is thus a family of
science investigations that focus on the compel-
ling science questions that will advance our abil-
ity to specity, understand, and predict the societal
impact of disturbances in the connected Sun-
Earth system. The measurement and modeling
investigations are synergistically related to each
other and to the other elements of the Living
with a Star Program. This LWS Geospace Pro-
gram plan will solidify the connections between
the frontiers of science as embodied in NASA
space missions and the knowledge-base required
to understand solar effects on those systems in
which we have an ever-increasing investment.

Living With a Star



CHAPTER 2.
SCIENTIFIC OBJECTIVES OF THE LWS GEOSPACE PROGRAM

2.1 Investigating the Geospace System

The LWS Geospace Program focuses on the fol-
lowing scientific objectives: (a) understanding
the dynamics of the radiation belts; (b) under-
standing the variability in the ionosphere-ther-
mosphere system; and (c) understanding the
causes of ionospheric density irregularities. As
discussed in the preceding chapter, in evaluat-
ing the seven general objectives derived from
the space weather effects defined by the Science
Architecture Team (SAT), the Geospace Mis-
sion Definition Team (GMDT) identified these
three objectives as (a) the ones that are of par-
ticular importance for improving our ability to
mitigate the effects of space weather on impor-
tant technological systems and (b) the ones to-
ward which the LWS Geospace Program can
make the most significant progress.

To achieve each of these broadly defined objec-
tives, we must answer a number of specific ques-
tions relating to the complex physics that
underlies the behavior of the two regions of
geospace that are the focus of this component
of the LWS Program. True to the intent of the
LWS Program, the science questions that the
Geospace Program addresses concern physical
processes and phenomena that must be charac-
terized and understood in order to enable soci-
ety to predict disturbances in the Earth’s space
environment and to protect against the deleteri-
ous effects of space weather. At the same time,
however, successfully answering some or all of
these questions will represent a substantial ad-
vance in our understanding of certain important
basic physical processes, such as particle accel-
eration or the development of irregularities in a
plasma medium.

This chapter is organized in two sections, corre-
sponding to the two regions of geospace that the
Geospace Program will study, the radiation belts
and the ionosphere-thermosphere system. Each
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section is, in turn, structured in terms of the spe-
cific science questions' that must be addressed
in order to accomplish the Geospace science
objectives. The scientific background of the
questions is briefly discussed, key outstanding
issues and problems are identified, and the mea-
surements needed to resolve the questions are
indicated. Underscoring the character of the
Geospace Program as “targeted” basic research,
each section concludes with a discussion of the
effects of the radiation belt environment and the
ionospheric-thermospheric disturbances on
spacecraft and communications and navigation
systems.

Although the radiation belt and ionosphere-ther-
mosphere objectives are treated separately in this
chapter, it must be emphasized that the inner
magnetosphere and the ionosphere-thermosphere
are strongly coupled electromagnetically.> Thus
full understanding of the behavior of both regions
requires that they be studied as an integrated sys-
tem whose components are linked and modified
through complex feedback mechanisms operat-
ing on a variety of temporal and spatial scales.
The Geospace Program offers an ideal opportu-

'The relation of the science questions to the specific ob-
jectives derived through the traceability process and listed
in Chapter 1, Table 3, is indicated through parenthetical
geferences in the text and section headings.

Spatial gradients in the pressure distribution of ring cur-
rent particles cause the inner magnetosphere to behave as
a generator of electric currents. Some of these currents
close through the highly non-linear ionosphere, where
electric fields drive the currents through the variable and
structured ionospheric loads. These electric fields map
out into the inner magnetosphere, where they, in turn, in-
fluence particle transport, affecting the pressure distribu-
tions. The process begins anew with the now modified
pressure distributions. Complicating this picture is the
modification of the properties of the ionosphere-thermo-
sphere system (e.g., conductivity)—and thus of the elec-
tric fields—by both the precipitation of energetic particles
from the magnetosphere and the Joule heating that ac-
companies the electric currents.
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nity for such a systems-oriented study of these
key geospace regions; it is therefore important
that the Radiation Belt and Ionosphere Thermo-
sphere Investigations® overlap at least partially
in time so that both are operating simultaneously
during a portion of their lifetimes.

2.2 Understanding Radiation Belt
Dynamics

The identification of the Earth’s radiation belts
was one of the first discoveries of the space age.
Since that time many measurements of the radia-
tion belts have been made and, as recently as 10
years ago, the radiation belts and the processes
affecting them were considered to be relatively
well-understood. A dramatic change in that per-
ception can be traced to the March 1991 CRRES
satellite observation of an entirely new belt of >5-
MeV electrons and >20-MeV protons that was
produced in a matter of minutes. Observations
by geosynchronous satellites, by CRRES,
SAMPEX, and POLAR (among others) have now
shown that the radiation belts are spatially struc-
tured and highly dynamic, exhibiting variability
on time scales of minutes, days, season, and so-
lar cycle (Figure 4).

The dynamics of the radiation belts have re-
ceived considerable attention in recent years
because of their impact on our technology-based
society and because of the fundamental and un-
resolved scientific questions about the transport,
acceleration and loss of these particles. The re-
newed interest in the dynamics of the radiation
belts arises in part because of new observations
that have raised questions about standard text-
book descriptions of the radiation belts and in
part because of society’s increasing reliance on

*The discussion of specific science questions that follows
is referenced to the Baseline Radiation Belt and Iono-
sphere-Thermosphere Investigations, both of which com-
prise in situ and remote sensing measurements of their
respective regions of geospace. The Baseline Investiga-
tions—and their important subset, the Core Investiga-
tions—are defined and discussed in detail in Chapter 4.

14

Chapter 2: Scientific Objectives

0.65 MeV electrons

Flux (e/cm?/s/sr/MeV)

Flux (e/cm2/s/st/MeV)

Flux (p/cm2/s/sr/MeV)

Il

iy
S i
i w:ivﬂ"-*"*“‘»f’w»w#‘ ‘W‘w:“\N\““"l"'w“'"\I“'d"““i""“‘ 3

0 200 400 600 800 1000

Orbit Number
02-0600R-4

Figure 4. Dynamic radiation belt processes alter the
structure of the outer zone electrons (top and middle
panels) on time scales ranging from minutes to solar
cycles. These panels show 0.65-MeV electrons, 5.75-
MeV electrons, and 36.3-MeV protons as a function
of L-shell and time for the entire CRRES mission.
Individual flux enhancements are generally
associated with geomagnetic storms but exhibit large
variation in spatial, temporal, and spectral properties,
and generally electrons are much more variable than
protons. In March 1991, near the middle of this
interval, a strong interplanetary shock produced an
entirely new belt of electrons and protons near L =
2.5, which is normally the electron slot region. The
Radiation Belt Storm Probe (RBSP) mission is
designed to understand and model this dynamic
behavior. (Figure courtesy G. Ginet, Air Force
Research Laboratory)
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space systems that must operate in this severe
environment. The prediction and mitigation of
these effects will only be possible when the
causes of the flux changes are understood. In
addition, developing this understanding will lead
to fundamental discoveries about energetic par-
ticle acceleration, magnetospheric physics, and
astrophysical processes.

The Baseline Radiation Belt Investigation will
investigate the physics of radiation belt electrons
and ions, but it emphasizes the understanding
of the outer electron radiation belt because this
region is the most dynamic part of the radia-
tion belts, embodies the broadest range of
physical processes, and has high practical rel-
evance. (Objectives 1.1, 1.2a, 1.2b)

Because there is a strong association between en-
hanced geomagnetic activity and changes in the
radiation belts, this report emphasizes the need
for simultaneous study of the radiation belts and
the storm-time ring current. As early as 1966, pe-
riodic increases in the trapped relativistic elec-
tron populations were shown to be related to
increases in the solar wind kinetic energy den-
sity. In the 1970s, the well-known relationship
between enhanced solar wind velocity and in-
creases in relativistic electron fluxes was estab-
lished. Subsequent predictive numerical models
of relativistic electron fluxes have been based on
the geomagnetic indices Kp and Dst. The close
relationship between geomagnetic storms and
changes in the radiation belts drives many of the
requirements in this report. While that relation-
ship is well established (Figure 5), it is by no
means a simple one. It has recently been shown
that geomagnetic storms can produce dramatic
decreases in relativistic electron fluxes, as well
as the more well-studied increases in fluxes (Fig-
ure 6). This emphasizes the need to understand
loss processes as well as acceleration processes.

In a typical relativistic electron event, a flux drop-
out is observed during the main phase of the

Geospace Mission Definition

storm, followed by a buildup of relativistic elec-
trons to flux levels significantly higher than be-
fore the storm. The flux dropout is at least partially
due to an adiabatic response to the buildup of the
storm-time ring current. However, if the entire
response were adiabatic there would be no last-
ing changes in radiation belt fluxes. The fact that
non-adiabatic acceleration processes, loss pro-
cesses, and adiabatic processes all operate simul-
taneously adds a significant complication to the
study of radiation belt dynamics.

To date, most studies have focused on the accel-
eration of radiation belt electrons and the dramatic
increases in fluxes that accompany about half of
all storms. Studies based on geosynchronous ob-
servations showed that the peak fluxes are typi-
cally observed 1 to 3 days after the storm main
phase, in the middle of the ring current recovery
phase. The delayed response was originally ex-
plained by Fujimoto and Nishida in terms of “re-
circulation” through several phases of betatron
acceleration and pitch angle scattering. Recent,
multi-spacecraft observations from the Interna-
tional Solar Terrestrial Physics (ISTP) Program
revealed that this delay is primarily a characteris-
tic of the outer edges of the radiation belts near
geosynchronous orbit, while in the heart of the
radiation belts the enhancement can occur in a
matter of hours (Objective 1.2b). This rapid re-
sponse is fast compared with a spacecraft orbital
period (typically >12 hours), which explains why
multiple spacecraft measurements were needed
before these rapid dynamics could be observed.

Understanding acceleration, transport, and loss
processes also requires more than measurements
of local particle fluxes. It requires simultaneous
multi-point measurements of phase space den-
sities at fixed values of the three invariants of
the particle motion. Time-dependent radial pro-
files of phase space densities must be obtained
in order to differentiate among various physical
mechanisms such as radial diffusion vs. local-
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Figure 5. The variability of relativistic electron flux (top panel) observed on POLAR during several magnetic
storms in 1997, showing the nearly 1-to-1 correlation in occurrence but not necessarily amplitude with Dst
(middle) and solar wind velocity (bottom). Rapid flux dropouts occur during the main phase of each storm (as
Dst is depressed), followed by enhancements during the first few days of the storm recovery phase. In the
absence of magnetic activity associated with solar wind forcing, fluxes decay slowly over time at scales of a
week. (Reeves et al., 2002)
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Figure 6. Examples of the widely different response of relativistic outer zone electrons (top) to magnetic
storms as monitored by the Dst index (bottom). Flux levels after a storm can be enhanced (left), depressed
(middle), or essentially unchanged (right) compared with conditions before the storm. This emphasizes the
need to understand and quantify both acceleration and loss processes, which can occur simultaneously
during the storm period. (Reeves et al., 2002)
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ized acceleration. It is also necessary to mea-
sure both the source populations and the accel-
erated populations simultaneously. While
individual spacecraft such as POLAR and
CRRES have been able to provide measurements
of local phase space density, other spacecraft
such as GPS and GOES are severely limited by
lack of magnetometers, energy resolution, or
other factors. The Radiation Belt Investigation
will provide the multi-point, time-dependent
phase space density profiles that are needed to
understand and model the physics of the ra-
diation belts.

Phase space density profiles are particularly
important for understanding wave—particle
mechanisms which are involved in all three as-
pects of dynamics: acceleration, transport, and
losses. Wave—particle interactions can produce
resonant acceleration (or loss) or can produce
enhanced radial diffusion. Moreover different
wave—particle interactions almost certainly op-
erate simultaneously and with profound conse-
quences. Direct measurement of these
interactions will lead to a better understanding
of the root physical processes and of the gen-
eral mechanisms for the acceleration of charged
particles to extremely high energy.

While physical understanding is the top prior-
ity of this mission, the mission cannot be con-
sidered a success without the development of
anew generation of radiation belt models. That
next generation of models (cf. Chapter 3) must
be based on improved physical understanding
of the processes involved and on the large num-
ber of measurements that have been made and
will be made by both research and program-
matic satellites. In order to enable a future space
weather capability these models will need to
be time-dependent and data-driven. But mod-
els must also be developed for sufficiently long
time scales to enable reliable and cost-effec-
tive spacecraft design.

Geospace Mission Definition

2.2.1 Which Physical Processes
Produce Radiation Belt Enhancement
Events?

The radiation belts are composed of energetic
electrons and ions on closed or “trapped” drift
trajectories in the inner magnetosphere. During
radiation belt enhancements the fluxes of ener-
getic particles (with energies from ~20 keV to
>10 MeV) can increase by more than a factor of
1000 over time scales as short as a few minutes.
In the case of electrons, these dramatic flux en-
hancements are the result of acceleration of a
portion of the more numerous lower-energy par-
ticles to these very high energies. However, it is
not yet known which mechanisms are respon-
sible for this dramatic acceleration.

To determine which physical processes produce
radiation belt enhancement events we need to
answer the following questions:

* What processes are responsible for radial
transport and acceleration?

* Dolocalized acceleration processes contrib-
ute significantly to radiation belt accelera-
tion?

* How do we distinguish among competing
or simultaneous acceleration and transport
mechanisms?

* How do we predict and model the spatial,
spectral, and temporal characteristics of ra-
diation belt enhancements?

2.2.1.1 What processes are responsible for
radial transport and acceleration?
(Objective 1.1)

Energetic particles in the inner magnetosphere
can be accelerated by two classes of processes,
those that conserve the first adiabatic invariant
(p i2/2mB) and those that do not. (Here p  is
momentum, m is mass, and B is field strength.)
To increase the energy of a particle while con-
serving its first adiabatic invariant, the particle
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must also be transported to a region of higher
magnetic field strength B. Therefore, in this class
of processes, acceleration and transport are in-
timately linked. The majority of processes which
have been proposed to account for radiation belt
enhancements conserve the first adiabatic invari-
ant and therefore involve some form of radial
transport.

The first important process is direct energization
by the electric fields associated with intense large-
scale convection flows. During geomagnetic
storms, when the convection electric field is stron-
gest, E X B/B* flows energize plasma sheet elec-
trons up to energies of ~100 keV as they are
transported into the inner magnetosphere.

The second process is driven by the explosive
release of energy stored in the geomagnetic tail
associated with substorms which are particularly
intense during geomagnetic storms. Substorms
create injection fronts of energized ions and elec-
trons which propagate towards the Earth and
which accelerate electrons and ions to energies
up to several hundred keV to 1 MeV over peri-
ods of minutes. Changes in the large-scale and
substorm-associated convection electric fields
are necessary for transporting fresh plasma from
the plasma sheet into the inner magnetosphere
where radiation belt particles are magnetically
trapped. At a minimum, this fresh material pro-
vides a source population for subsequent accel-
eration to relativistic energies. The delivery of
this source, or “seed,” population and subsequent
acceleration to radiation belt energies needs to
be understood (Objective 1.3a). Changes in the
storm time electric field and delivery of H* and
O™ to the inner magnetosphere also produce the
storm-time ring current, which is intimately
coupled with radiation belt dynamics, as dis-
cussed below (Objective 1.4a).

A third process which can produce acceleration
and transport of radiation belt electrons is inter-
actions with ultra-low frequency (ULF) waves.
ULF wave power in the inner magnetosphere is
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greatly enhanced during geomagnetic storms and
is one of the key parameters that distinguish
storms which produce radiation belt enhance-
ments from those which do not. These ULF
waves lead to enhanced rates of radial diffusion
compared with classical diffusion resulting from
impulsive changes in the convection electric field
(Objectives 1.1, 1.3c¢).

For classical radial diffusion associated with
impulsive electric fields, the impulse time is
short and the decay time is long compared with
the particle drift period, resulting in energy-in-
dependent diffusion rates. In contrast, radial dif-
fusion by ULF waves is enhanced by distortion
of particle drift paths in a compressed dipole
which introduces acceleration by radial as well
as azimuthal components of wave electric fields.
Those fields are present continuously and act
on a particle each drift period. Thus one would
expect a higher rate of diffusion for more ener-
getic particles which have shorter drift periods.
The enhanced diffusion produced by ULF waves
can therefore act very efficiently to accelerate
radiation belt electrons.

The fourth mechanism involves prompt accel-
eration by interplanetary shocks. Shocks can
induce intense compressional MHD wave fronts
that surge through the inner magnetosphere and
accelerate and transport electrons and ions to L-
shells as low as 2 and energies as high as tens of
MeV, creating transient new belts on time scales
as short as minutes (Figure 7; cf. also Figure
4). Such events have been observed to produce
the most intense and long-lived changes in the
radiation belts currently known (Objectives 1.2b
and 1.4b).

These processes are all important at various
times and under various conditions. Other pro-
cesses not yet investigated theoretically may also
contribute to radiation belt acceleration and
transport. A key goal of the Baseline Radiation
Belt Investigation is to make a set of measure-
ments sufficient to determine which processes,

Living With a Star
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Figure 7. Energetic (>4 MeV) protons measured by
SAMPEX during the 2000 Bastille Day magnetic
storm. The figure shows both the solar energetic
protons prior to the arrival of the shock that marked
the onset of the storm and a newly trapped transient
population that formed after the shock’s arrival. (The
periodic modulation seen in the figure are orbital
effects associated with the location of the South
Atlantic Anomaly relative to the plane of the SAMPEX
orbit.) Solar energetic particles, accelerated by CME-
driven interplanetary shocks, can penetrate into the
inner magnetosphere to an equatorial geocentric
distance of four Earth radii. Solar energetic protons
(and heavier ions) can be trapped for days to months
by the radial transport associated with the
compression of the magnetopause by the shock,
thereby creating new radiation belts, distinct from the
stably trapped inner zone proton population. Since
the proton gyroradii are comparable to the scale size
of magnetic field gradients and curvature, they are
easily lost to the atmosphere by abrupt changes in
the magnetic field caused by subsequent geomagnetic
storms. A significant change in the fluxes and outer
boundary of trapped protons and introduction of new
quasi-trapped populations can cause single event
upsets to spacecraft electronics, while solar energetic
particle events can directly affect manned space flight
activities. (Figure courtesy of J. B. Blake, Aerospace
Corporation)

singly or in combination, accelerate and trans-
port electrons and ions most efficiently and
under what conditions they do so.

2.2.1.2 Do localized acceleration
processes contribute significantly to
radiation belt acceleration? (Objective 1.1)

Some processes that may contribute significantly
to radiation belt enhancements violate the first

Geospace Mission Definition

adiabatic invariant and can accelerate part of a
lower-energy population to high energies through
localized, stochastic processes. To violate the first
invariant, the electric field acting on the particle
must change on time scales comparable to or
faster than a gyroperiod, which implies fluctua-
tions in the very low frequency/extremely low
frequency (VLF/ELF) range.

Radiation belt electrons encounter several dif-
ferent types of resonant waves during their drift
orbit around the Earth. Interactions with low fre-
quency whistler-mode hiss within the dayside
plasmasphere and interactions with electromag-
netic ion cyclotron (EMIC) waves near the
duskside bulge of the plasmapause primarily
cause pitch-angle scattering which tends to make
the pitch-angle distributions more isotropic (as
well as cause possible losses from precipitation).
In contrast, resonant interactions with VLF “cho-
rus” outside the plasmapause can lead to sub-
stantial energy diffusion, especially in regions
of low plasma density where the wave phase
speed is comparable to the resonant electron
velocity. Stochastic acceleration, leading to a
hardening of the high-energy tail population, can
be maintained, as long as the pitch-angle distri-
bution well away from the loss cone remains
quasi-isotropic. Plasmaspheric hiss, EMIC
waves, and VLF chorus are all enhanced during
geomagnetic storms at the same time that strong
convection electric fields transport plasma-
spheric material associated with hiss toward the
dayside magnetopause. (Objectives 1.1, 1.3c)

Stochastic processes are thought to be particu-
larly important for electron acceleration in the
radiation belts. To be effectively accelerated,
electrons typically need to make multiple passes
through energization-transport pitch-angle scat-
tering. In one proposed scenario (Figure 8),
energization by VLF chorus followed by pitch-
angle isotropization by VLF hiss and EMIC
waves could produce the necessary stochastic
acceleration of radiation belt electrons.
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Figure 8. A schematic diagram of the equatorial
magnetosphere illustrating the spatial regions for
wave-particle interactions between relativistic
electrons and various plasma waves. Relativistic
electrons encounter a variety of plasma wave
environments during their drift paths, which can
produce diffusion, scattering, and acceleration. The
details of the wave-particle interactions contribute
to the dynamic behavior of the radiation belts.
(Summers and Ma, 2000).

In contrast to the mechanism of inward radial
diffusion, where particle acceleration is associ-
ated with the conservation of the first adiabatic
invariant during transport into regions of increas-
ing magnetic field, the signatures for local sto-
chastic acceleration are:

* The development of localized peaks in the
relativistic electron phase space density in
the spatial region where interaction with
VLF waves is important

* Hardening of the high-energy tail popula-
tion (>300 keV) while lower energy elec-
trons remain stably trapped at a flux level
caused by the onset of wave instability

* Maintenance of quasi-isotropic pitch-angle
distribution for the high-energy population,
which is needed to maintain stochastic ac-
celeration process

* The presence of enhanced VLF/ELF waves
during the period of acceleration (for sev-
eral days in storm recovery phase)
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Therefore, with the measurements outlined in
this report, the Baseline Radiation Belt Investi-
gation should be able to determine when sto-
chastic acceleration processes occur and how
efficient they are in relation to other accelera-
tion processes (Objective 1.1).

2.2.1.3 How do we distinguish among
competing or simultaneous acceleration
and transport mechanisms? (Objective 1.1)

During geomagnetic storms, when the radiation
belts undergo the most dramatic changes, many
mechanisms operate simultaneously, and the
magnetosphere is highly distorted compared
with typical conditions. Impulsive electric fields,
convection electric fields, ULF wave power,
VLF wave power, and energy input from the
solar wind are all enhanced. Additionally, the
storm-time ring current distorts the magnetic
field, producing adiabatic changes (the “Dst ef-
fect”) superimposed on other processes (Objec-
tive 1.3b). It is therefore very difficult to identify
unambiguously one process or another as the
causal mechanism for radiation belt enhance-
ments. Fortunately, there are physical charac-
teristics that make it possible to distinguish
among various acceleration and transport
mechanisms.

Perhaps the most important of these character-
istics is the radial gradient of phase space den-
sity for fixed adiabatic invariants. The second
and third adiabatic invariants cannot be mea-
sured locally, although they can and need to be
modeled (Objective 1.3c). The Baseline Radia-
tion Belt Investigation has therefore been de-
signed with two near-equatorial spacecraft.
Equatorial measurements allow the assumption
that the second invariant (the bounce invariant)
is nearly zero and phase space density profiles
at fixed values of the first invariant can be used.

As shown in Figure 9, three classes of processes
can be readily distinguished by phase space
density profiles. Large-scale (quasi-steady)
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Figure 9. The radial variation of phase space density
associated with three different transport and
acceleration processes. These processes produce
dramatically different radial profiles. The distributions
are unlikely to be stable for longer than an orbital
period; therefore, they can be differentiated only by
measurements from more than one satellite. (Figure
courtesy of G. D. Reeves, Los Alamos National
Laboratory)

convection conserves the adiabatic invariants and
produces flat phase space density radial profiles.
Processes which accelerate particles through en-
hanced radial diffusion produce phase space

Geospace Mission Definition

densities that increase monotonically with ra-
dius. In contrast, stochastic acceleration process
can produce local heating and resulting bumps
or inflections in the phase space density profiles.

The equatorial pitch-angle distribution of radia-
tion belt particles is also an important discrimi-
nator. Radial diffusion tends to enhance fluxes
of 90° pitch-angle particles, producing pancake-
like pitch-angle distributions. Stochastic wave—
particle interactions rely on mechanisms that
keep the particles outside the loss cone nearly
isotropic.

The temporal evolution of events, on time scales
of 1 hour or less, also distinguishes one process
from another. The temporal evolution of spec-
tral, spatial, and pitch-angle distributions all pro-
vide essential information. For example, ULF
drift resonance is more effective at higher ener-
gies, so the spectrum and pitch-angle distribu-
tion should change more quickly at higher
energies and at L-shells where the particles and
waves are in resonance. Stochastic acceleratio